In this paper we demonstrate distributed Raman temperature sensing (RDTS) in a loop scheme employing anti-Stokes light intensity only. Using a single-channel receiver and anti-Stokes traces measured in loop configuration, we implement RDTS with inherent compensation of fiber wavelength-dependent losses, as well as local external perturbations. Experimental results show a signal-to-noise ratio enhancement with respect to a standard RDTS in loop configuration, providing a robust and reliable high-performance sensor for long sensing ranges.
INTRODUCTION
Raman-based distributed temperature fiber sensors (RDTS) have been studied for many years [1, 2] and, owing to the well-known advantages over their electrical counterparts, they have found successful applications in many different areas, such as fire detection, power cable monitoring and leakage detection. Most of developed Raman temperature sensors are based on simultaneous measurements of Raman anti-Stokes (AS) and Stokes (S) (or Rayleigh) backscattered components in a single-ended fiber configuration [2, 3] . Although they represent the most common solution in long range applications due to their extended sensing distance, sensors based on single-ended fiber configuration are intrinsically affected by variations of the wavelength-dependent losses (WDL) (also known as differential losses) of the fiber. In practical RDTS systems, both WDL and local losses must be cancelled out; this can be effectively achieved by employing a loop configuration technique, based on a double-ended scheme, in which AS and S traces are acquired in both forward and backward directions and then properly averaged [4] . For single-ended schemes, the use of AS light only has been proposed in [5] , together with a suitable reflective mirror at the far fiber-end. However, the four-fold optical path undergone by the light pulse and its scattering makes this technique not suitable for long-range sensing due to very high experienced losses. Moreover, the use of a strongly reflective mirror would make the system sensitive to multiple optical reflections (ghosts) with unknown connector conditions.
In this paper we perform long-range Raman temperature sensing based on a loop-scheme, with inherent WDL correction, using AS-backscattered light only, and employing a simple, single-channel receiver. Experimental results also point out an enhanced temperature resolution, compared to standard RDTS, due to the noise reduction in temperature derivation based on AS light only. Such a technique can allow for simpler and cost-effective long-range RDTS systems characterized by WDL-independent and ghost-insensitive temperature measurements.
THEORY
RDTS systems are based on the temperature dependence of the spontaneous Raman anti-Stokes backscattered light, where the spatial information is obtained from a short pulse of light that is launched into the optical fiber. While the optical pulse propagates along the fiber, it generates two Raman backscattered components (Stokes and anti-Stokes lights), which are measured as a function of time at the receiver by using optical time-domain reflectometry (OTDR) techniques [1, 3] . In order to distinguish temperature variations in the AS trace from fiber attenuation and local losses (such as splices, connectors and bending losses), the AS intensity must be normalized by a temperature-independent signal, such as the Raman Stokes [1] or Rayleigh intensity [3] . Since this normalization has to be done at every fiber position, a correction of the differential group velocity is also required. Thus, for instance, the relationship between the fiber temperature (T) and the ratio R(z,T) of anti-Stokes (I AS ) over Stokes (I S ) intensities can be expressed as:
where λ S and λ AS are the Stokes and anti-Stokes wavelengths; α S and α AS are the fiber attenuation coefficients at λ S and λ AS respectively; Δν is the frequency separation between AS and pump signal, h is the Planck constant and k is the Boltzmann constant [4] . If the differential WDL (α AS -α S ) is characterized as a function of the distance, the corresponding exponential factor of Eq. (1) can be corrected. However, in most harsh environments the optical fiber is exposed to conditions that can spectrally change the fiber attenuation properties. In such cases, the WDL (differential loss) is not constant in time, making single-ended RDTS inappropriate for such applications. In fact, it has been shown that the fiber loss can be significantly modified by external hydrogen-rich, hot or humid environments inducing wavelength-dependent fiber properties degradation. This is also the case e.g. of nuclear applications, where the presence of ionizing radiation increases the optical fiber attenuation with time. Hence, the ratio anti-Stokes/Stokes or anti-Stokes/Rayleigh is expected to change (more or less rapidly) during the sensor lifetime due to the ageing, leading to significant errors in temperature estimation when no further calibration is performed [4] . This actually appears as a gradual deviation of the detected temperature traces with respect to the real values, an effect that increases with the sensing distance turning out to be critical especially at long sensing ranges.
In order to compensate differential WDL several methods have been recently proposed, most commonly employing: i) the AS signal reflected from a mirror at the far fiber-end (providing a suitable solution for short-to-medium sensing ranges only, due to 4-fold loss increase in the optical path) [5] , ii) using two light sources with different wavelengths [6] , and, most notably, iii) using a sensing fiber in loop configuration (requiring the access to both fiber ends). The latter technique provides a robust and reliable method to compensate differential WDL, through the calculation of geometric means associated to AS and S lights measured in both forward and backward directions. In such a way, the effects of fiber attenuation and local losses are inherently cancelled out in temperature estimation through the AS/S ratio, leading to auto-calibrated measurements that do not depend on optical fiber loss variations during the sensor lifetime.
The technique proposed in this paper allows for RDTS loop schemes based on AS light detection only. The anti-Stokes intensity traces are measured in both forward (I
For
) and backward (I
Back
) directions, and their relation to the fiber temperature can be expressed as:
( )
where α P is the fiber attenuation at the pump wavelength, and C AS_For (forward direction) and C AS_Back (backward direction) are constant parameters accounting for the input pump power, the receiver response and the Raman crosssection at λ AS wavelength. Note that a suitable normalization is necessary when dealing with time-dependent laser power fluctuations, since this issue cannot be neglected when using the AS light only in the temperature estimation (differently from the AS/S ratio case, which is inherently insensitive to laser fluctuations). In the AS-only approach several effective normalization schemes can be implemented to simply address this issue, namely i) the use of a temperature-controlled reference fiber [4] , ii) by measuring the launched optical pulse power through an optical tap coupler or, iii) by using a laser current monitor. In our experiments, we used a built-in current monitor in the pulsed laser source for AS trace normalization, providing a simple and cost-effective solution for trace calibration.
The AS intensity in loop configuration I AS_Loop (z) can then be obtained from the geometric mean of the normalized singleended AS traces I AS_n (z) in both forward and backward directions according to
where
1/2 is a constant factor that depends on the Raman cross-section of the fiber and is normalized, as mentioned before, to take into account fluctuations of laser peak power. Note that the exponential factor in Eq. (4), expressing the effects of WDL, is a constant parameter that does not depend on the fiber position, contrarily to the z-dependent exponential term in Eq. (1) . Moreover, to take into account the effects of Raman scattering crosssections, a calibration is performed for different fiber spools employing a known reference temperature (T ref ), similarly to technique provides the same robustness and repeatability as in standard RDTS systems in loop configuration, cancelling out both local losses and fiber attenuation effects, also avoiding the differential groupvelocity corrections which are required in AS/S approach.
In order to evaluate the benefits of using the AS-only loop-approach, the temperature resolution (rms) has been calculated. Fig. 5 shows the corresponding resolution versus fiber distance, indicating a worse resolution in proximity of both fiber ends, compared to the midway fiber region, due to single-end AS traces decrease with distance. Note that the worst temperature resolution actually occurs at the fiber input (z=0), giving rise to a slightly asymmetric behaviour along the fiber due to a small insertion-loss imbalance between the two optical switch ports. Fig. 5 also compares the temperature resolution achieved by the proposed technique with the one obtained with a standard RDTS in loop configuration. We can see that measurements based on AS-only loop-approach provide an enhanced temperature resolution with respect to the standard loop configuration (~1.4 times better). This is because the temperature estimation is based on AS-intensity only, and is not affected by the additional noise introduced by Stokes intensity traces, thus allowing for an enhanced SNR (~1.3 dB improvement) in the final traces. The worst temperature resolution (~1.5°C) achieved using standard loop RDTS (occurring at the fiber input) is now improved down to ~1.1°C with the use of AS-only loop-configuration.
In conclusion, we have demonstrated the possibility of using an AS-only approach to perform long-range distributed temperature sensing based on RDTS in loop configuration. The proposed scheme allows for the cancellation of spurious, local and wavelength-dependent loss effects employing a simple single-receiver configuration. Experimental results point out an enhanced temperature resolution (~1.4 times improvement) compared to standard RDTS loop-schemes, thus providing a simple, cost-effective and reliable RDTS system for improved-performance long-range sensing.
